Research highlights:
We describe the cochlea of the pygmy right whale. The cochlea is 21 large and sensitive to low-frequency sounds. Possession of a tympanal recess links Caperea 22 with Plicogulae (cetotheriids and balaenopteroids). However, this feature may be more 23 variable than previously thought. 24
The pygmy right whale, Caperea marginata (Gray, 1846), is the most bizarre and least 42 known of all extant baleen whales. Its basic anatomy and ecology are poorly understood, with 43 limited data on distribution and behaviour (Kemper, 2009; 2014; Kemper et al., 2012; Ross et 44 al., 1975; Sekiguchi et al., 1992) . The phylogenetic position of Caperea is the most 45 contentious problem in mysticete systematics, with morphological analyses traditionally 46 advocating a close relationship with right whales (Balaenidae) (Bisconti, 2015; Churchill et 47 al., 2012; Steeman, 2007) , whereas molecular data routinely place Caperea as sister to 4 rorquals and grey whales (Balaenopteroidea) (Deméré et al., 2008; McGowen et al., 2009; 49 Steeman et al., 2009) . A third hypothesis, also consistent with the molecular data, groups 50
Caperea with the otherwise extinct family Cetotheriidae (Fordyce and Marx, 2013 ; Gol'din 51 and Steeman, 2015; Marx and Fordyce, 2016) , but remains a matter of ongoing debate among 52 morphologists (Berta et al., 2016; Bisconti, 2015; El Adli et al., 2014) . 53
Much of the uncertainty about the ecology and evolution of the pygmy right whale 54 stems from a lack of data on its disparate morphology, which combines a right whale-like, 55
arched rostrum with traits more typical of cetotheriids and/or balaenopteroids, such as a 56 narrow, tetradactyl flipper, an elongate scapula, the presence of a squamosal cleft, and an 57 enlarged posterior process of the tympanoperiotic (Kemper, 2009; Marx and Fordyce, 2016) . 58
Even more strikingly, Caperea stands out for a range of unique features, such as the partial 59 detachment of the anterior process from the remainder of the periotic, as little as one or two 60 lumbar vertebrae, and its armour-like, supernumerary and partially overlapping ribs 61 (Beddard, 1901; Buchholtz, 2011) . 62
New insights might arise from further studies on functional morphology (e.g. 63 swimming style) and sensory capabilities. In particular, considerable progress has been made 64 in recording the anatomy of the cetacean cochlea, which is one of the few sensory structures 65 whose detailed shape can be studied in both extant and extinct species (Ekdale, 2016 
MATERIALS AND METHODS

71
Specimens examined 72
We scanned the right cochlea of Caperea marginata (NMV C28531), previously 73 figured by Ekdale et al. (2011: fig. 11 ), as well as four isolated and hitherto undescribed 74 periotics of the cetotheriid Herpetocetus, one of its putative fossil relatives (Fordyce and 75 Marx, 2013) .The specimens were scanned by two of the authors (TP and ARE) and Rob 76
Williams at the Melbourne Brain Centre Imaging Unit All four specimens clearly represent 77
Herpetocetus based on the presence of (i) a shelf-like, anteriorly projected lateral tuberosity; 78 (ii) a well-developed ridge for the attachment of the tensor tympani on the anterior process; 79 (iii) a medially projecting anteromedial corner of the pars cochlearis; and (iv), in IRSNB 80 V00377, a distally enlarged compound posterior process with a deep facial sulcus bordered 81 by well-developed anterior and posterior ridges (Fordyce and Marx, 2013; Geisler and Luo, 82 1996 The periotics were scanned using either the Zeiss Xradia 520 Versa at the Monash University 98 X-ray Microscopy Facility for Imaging Geo-materials (XMFIG) or, in the case of the extant 99 mysticetes, the Siemens 128-slice PET-CT scanner at the Melbourne Brain Centre Imaging 100
Unit (see Table 1 for scan parameters). The raw CT data were then compiled into three-101 dimensional models, and digital endocasts of the cochleae were segmented using the 102 visualisation software package Avizo (Version 9.1.0 Standard) (FEI). 103
Cochlear measurements 104
Basic measurements of the internal structures of the cochlea were taken using the the SSL by the total length of the cochlear canal, then multiplying by 100. Our approach 113 slightly differs from that of Ekdale and Racicot (2015) , who instead measured the length of 114 the SSL directly along the outer edge of the cochlea. We amended their method because the 115 outer edge of the cochlea follows an inherently larger spiral than the midline of the cochlear 116 canal (where the length of the canal is measured), leading to an overestimate of relative SSL 117 extension. 118
From our initial measurements, we calculated several previously established ratios, 119 which together form a quantitative description of cochlear morphology (Ketten and Wartzok, 120 1990 ). First, the axial pitch, which is the height of the cochlea divided by the number of turns 121 and, in odontocetes, is negatively proportional to frequency (Ketten and Wartzok, 1990); secondly, the basal ratio, which is the height of the cochlea divided by its basal diameter, here 123 measured following the method of Ekdale (2013) (Fig. 1) , and is negatively proportional to 124 frequency (Ketten and Wartzok, 1990) ; thirdly, the cochlear slope, which is the height of the 125 cochlea divided by the length of the cochlear canal divided by the number of turns (Ketten 126 and Wartzok, 1990); and, finally, the radii ratio, or graded curvature, is the radius of the 127 cochlea at its base divided by the radius at its apex, and is strongly correlated with low 128 frequency hearing limits (Manoussaki et al., 2008) . For the radii ratio, radius measurements 129 were taken using the Slice tool in Avizo, with the apical radius measured to the outer wall of 130 the cochlea (as in Ekdale and Racicot, 2015) , rather than the midpoint of the basilar 131 membrane (as in Ketten et al., 2016) . 132
Finally, we estimated the low frequency hearing limit for all specimens following 133 where f = low frequency hearing limit at 60 dB re 20 μPa in air and 120 dB re 1 μPa in water, 136 and ρ = radii ratio value. However, this equation was derived mainly from terrestrial 137 mammals in air, and should therefore be considered tentative until audiograms of mysticetes 138 become available (Ekdale and Racicot, 2015) . 139
In addition to quantitative measurements, we scored the presence of a radial 140 expansion of the scala tympani, or tympanal recess (Fleischer, 1976 ). An incipient expansion 141 occurs in all cetaceans, but usually disappears by the first quarter of the basal turn. By 142 contrast, the expansion is much more pronounced in several mysticetes, as well 143 
RESULTS
161
Caperea marginata, NMV C28531: The cochlea completes approximately 2 turns ( Fig. 2A) . 162
There is a distinct tympanal recess, with the scala tympani being inflated radially along the 163 first half turn and the greatest point of inflation being located at the half turn mark. In 164 vestibular view, the first quarter of the basal turn and the apical turns are close to each other, 165 as in other modern mysticetes and fossil cetotheriids. The apical turn is tightly coiled and 166
encloses a small open space, rather than being fully closed like in more primitive taxa (e.g. 167 Zygorhiza). Approximately three quarters of the apical turn overlap the section of the 168 cochlear canal immediately below. In cross section, the bone separating the basal turn from 169 the apical turn is thin, as in other modern mysticetes (Fig. 3) . 170
The cochlea is large in absolute terms, with a height of 10.41 mm, a width of 18.7 171 mm, a volume of 874.38 mm 3 and a cochlear canal length of 60.97 mm ( Table 2) The cochlea has a height of 7.97 mm, a width of 10.88 mm, a volume of 274.99 mm 3 185 and a cochlear canal length of 35.08 mm (Table 2) . This is smaller than in all extant 186 mysticetes, but comparable to several small-sized fossil species (Ekdale, 2016) fig. 11 ). The age of the fossils is harder to gauge. Of the North American specimens, 210 IRSNB V00372 is likely the older given its larger size, better defined attachment for the 211 tensor tympani, and larger and more anteriorly positioned lateral tuberosity. The periotics 212 from Belgium are comparable in size, but IRSNB V00376 appears to older based on its 213 larger, more anteriorly projected lateral tuberosity and the pronounced hypertrophy of its 214 suprameatal area. In mysticetes, a certain degree of ontogenetic change affects the 215 after initial ossification, enabling comparisons that are largely independent of age class 218 (Ekdale, 2010; Hoyte, 1961; Jeffery and Spoor, 2004) . 219
Comparisons of Caperea with other taxa 220
The two turns completed by the cochlea of Caperea fall at the lower end of values reported 221 for other mysticetes (Ekdale, 2016; Ekdale and Racicot, 2015; Fleischer, 1976; Geisler and 222 Luo, 1996) (Table 2 ). The fenestra rotunda is large and separated from the cochlear aqueduct, 223 as in archaeocetes and the majority of modern mysticetes. The extension of the secondary 224 spiral lamina (~37% of cochlear canal length) falls into the range of other living and fossil 225 mysticetes (15%-69%), but is considerably shorter than in odontocetes (Ekdale, 2016; Park et 226 al., 2016) . 227
The high degree of overlap of the basal and apical turns also resembles the condition 228 found in archaeocetes and modern mysticetes, but not odontocetes (Ekdale, 2016; Ekdale and 229 Racicot, 2015) . In mysticetes, the apical turn is shifted posteriorly towards the fenestra 230 rotunda, whereas in odontocetes and archaeocetes it tends to be located further anteriorly. 231
The tightness of apical coiling in Caperea is most similar to that of fossil cetotheriids and 232 balaenids, and contrasts with the much more loosely coiled apices of balaenopterids (Yamada 233 and Yoshizaki, 1959) . Caperea and an undescribed fossil balaenopterid (Ekdale and Racicot, 2015: fig. 6H ) a 241 similar morphology of the tympanal recess, with a distinct distal expansion forming a blunt point (Fig. 2) . Strikingly, however, a tympanal recess is entirely absent in the other three 243
Herpetocetus cochleae examined here (e.g. IRSNB V00372; Fig. 2 (Kemper, 2009) . 252
A basal ratio of 0.56 is comparable with that of balaenopterids, but below that of 253 balaenids and extinct cetotheriids (Table 2) (Ekdale, 2016) . The radii ratio of Caperea is also 254 comparatively low, with only Herpetocetus (Table 2) , Cephalotropis coronatus, Cophocetus 255 oregonensis and Balaena mysticetus reaching similar or lower values (Ekdale, 2016) . By 256 contrast, its axial pitch (5.20) and slope (0.085) are among the highest of any mysticete 257 studied so far (Table 2) (Ekdale, 2016) . 258 259
Hearing abilities of Caperea 260
The cochlea of Caperea is unambiguously of the mysticete type or "Type M" of Ketten & 261 Wartzok (1990) , and thus specialised for detecting low frequency sounds. Nevertheless, its 262 low radii ratio give Caperea one the highest low frequency hearing limits (65 Hz) of any 263 mysticete, apparently matched or exceeded only by one of the specimens of Herpetocetus 264 (IRSNB V00372; 65 Hz), Balaena mysticetus (106 Hz) and Cophocetus oregonensis (112 265 Hz) (Table 2) (Ekdale, 2016) . Notably, the hearing limit of Caperea approximately 266 corresponds to the lowest frequency sound (ca 60 Hz) previously recorded from a juvenile 267 individual of the same species (Dawbin and Cato, 1992) . The functional implications of the 268 large size of the Caperea cochlea currently remain unclear. Nevertheless, our findings add to 269 the impression that Caperea stands out from other mysticetes not only in terms of its external 270 and skeletal morphology, but also in its sensory capabilities (Bischoff et al., 2012; Meredith 271 et al., 2013) . Adli et al., 2014), increases the number of steps to four (Fig. 4) . Thus, the tympanic recess 291 offers strong, independent morphological support for the monophyly of Plicogulae. 292
Apart from suggesting a placement inside Plicogulae, the cochlear anatomy of 293
Caperea does not provide specific evidence for or against a close relationship with 294 cetotheriids. While the similar shape of the tympanal recess in Caperea and IRSNB V00377 295 is striking, the cochlea of Herpetocetus in general appears more archaic. One exception to 296 this is the large number of turns (≥ 2.75) shown by it and certain other cetotheriids, which 297 appears to be a derived feature and may point to specialised hearing abilities (Ekdale, 2016; 298 Geisler and Luo, 1996) . These differences in morphology either imply that Caperea and 299 balaenopteroids show a certain degree of convergent evolution (e.g. via a secondary reduction 300 of the number of turns in Caperea), or that Caperea is not as deeply nested within 301
Cetotheriidae as previously suggested. 302
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